Coatings of the composition of 310S heat-resisting steel dopped Al and Ir additions, deposited on a substrate of the same steel by the magnetron sputtering method, were examined. The measurements were made in the classical Bragg-Brentano geometry and by the GXRD method. With the fixed and different position of the coated sample by rotating the sample by angles ψ. The coating as deposited and after being soaked at 400°C for 15 minutes was subjected to examinations. The examination carried out have shown that coatings may have a unique, subtle structure which is metastable and undergoes irreversible changes in the temperatures up to 400°C. It has been found that in the outermost coating zones and zones closer to the substrate, areas occur in the coating structure, which have the different lattice parameter compared to the basic phase. Additionaly, the local period of the structure equal 5.9 nm was found.
Introduction
X-ray diffraction techniques are among the basic material examination methods. The unquestionable advantage of the X-ray methods is their non-destructive character and little requirements for the preparation of material to be examined. With the use of these techniques it is possible to acquire information on the phase composition and structures of materials in a broad range of crystallite sizes, up to and inclusive of nano-crystalline or amorphous * E-mail: bratek@wip.pcz.pl structures as well as in the texture, residual stresses, etc. [1, 2] . Particularly noteworthy is the fact that this technique is applicable both to bulk samples, as well as to very thin layers. With respect to thin layers or coatings, the grazing incidence X-ray diffraction (GXRD) methods seems to be the most useful owing to its capability to measure different layer thicknesses [3] [4] [5] [6] [7] . The designs of state-of-the-art diffractometers allow measurements to be made in situ under various, e.g. temperature, conditions and in different geometries [8] [9] [10] . For his reason, they constitute a very useful tool for studying diversely composed coatings produced by modern technologies, e.g. during many plasma processes [11] [12] [13] . Such coatings may have a very complex single-or multi-phase structure, most often being built from columnar crystallites of variable size, depending on the deposition process parameters and chemical composition [13] [14] [15] [16] [17] [18] . In addition, these coatings can be given the form of, e.g., periodic multilayers [19] and sculptured with the direction of the flux of ions and atoms reaching the substrate [20] . A feature complementary to the complexity of coating structure is frequently the metastability of phases that make it up, which is due to the non-equilibrium conditions of plasma deposition [14] . Metastable phases occur, e.g., in coatings made from sputtered steels and Ni alloys [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The article will present the characteristic structural features of coatings fabricated by magnetron sputtering of austenitic heat-resisting steel demonstrated by the results of X-ray measurements in different geometries. The chemical composition of coatings containing Cr and Ni additives in the amount of approx. 25% and was enriched with the additions of Ir and Al originating from independent targets. The coating was fabricated in the framework of studies on the improvement of the heat resistance of steel 310S.
Material

Coating fabrication
Coatings of the composition of 310S heat-resisting steel, deposited on a substrate of the same steel by the magnetron sputtering method, were examined. The coating substrate were commercial sheet cut-outs the same steel grade. Prior to the deposition of coatings, the steel surface was cloth buffed and washed with acetone in an ultrasonic washer. Prior to the deposition of coatings, the substrates were prepared in a manner being standard for the magnetron method. In the magnetron vacuum chamber, the substrates were suspended on a rotary table, and then both the coating substrate surfaces and the targets were additionally cleaned for several minutes by a glowdischarge method under an argon pressure of approx. 3 Pa.
The parameters of the magnetron deposition process were as follows: argon flow pressure 0.3 Pa, table polarization potential -50 V, and the distance between the targets and the substrate ∼200 mm. The magnetron targets were two discs from AISI 310S steel, situated opposite one another, and additionally, two targets in the form of rings made of Al and Ir were mounted in the plane perpendicular to the targets of steel. After about 1 hour of coating deposition time, the coating had a thickness of 7.65 µm; the chemical composition of the fabricated coatings is given in Table 1 .
Structure of the coatings
The coating surface had a globular character of morphology, which is typical of PVD coatings (Fig. 1) . Average diameters of the largest globules estimated on microscopic pictures Figs. 1a and 1b (5000 − 15000×) approximately equal 0 4 − 0 5 µm. Atomic force microscopy examination at ∼ 60000× showed that the largest globules were built of finer crystallites of varying size, among which the smallest ones, perceptible under applied magnification, had a maximum diameter 50 nm (Fig. 1c) .
Experiment
The examination of the coating was made on a Seifert 3003TT diffractometer using K α Co (0.17902 nm) radiation. The measurements were made in the classical BraggBrentano geometry and by the GXRD method at radiation incidence angles α in the range of 1 5−21°, with the fixed position of the coated sample (Fig. 2a) . Additionally, series of measurements were made for different positions of the sample obtained by rotating the sample around the axis lying in the coating surface plane by angles ψ in the range from −40°to 80° (Fig. 2b ). The examinations with the variable position of the sample were made both in the symmetric θ − θ and in the asymmetric GXRD geometries. The coating as deposited and after being soaked at a temperature of 400°C for 15 minutes was subjected to examinations. 
Results
Measurements in the symmetric BraggBrentano geometry
The coatings had a microstructure different from that of the sputtered steel. The initial austenitic steel had a regular face cubic centered (fcc) structure. The coating, on the other hand, had a regular body cubic centered (bcc) structure, being typical of a ferritic-type phase - Fig. 3 . The coating had a different structure in spite of the chemical composition and Ni content, which in steels produced by conventional methods stabilizes the austenitic phase, being very similar to those of the sputtered steel. The structure of the coating as deposited exhibited a texture, which was caused by the reduced intensity of the main reflection (110). After soaking at 400°C, the intensity of the main reflection relative to the reflection (211) sharply increased above the proportions resulting from the bcc phase standard, which suggests further texturing of the coating structure and the absence of the reflection (200). Compared to the diffraction pattern of the coating before soaking, the better appearance of reflections from the fcc phase was found - Fig. 3 . The changes in the diffraction patterns, caused by the soaking of the sample at the temperature of 400°C, being relatively low as for alloys with such a chemical composition, indicate metastability of the coating structure. Based on the diffraction pattern made in the symmetric θ − θ geometry of measurement, it is not possible to definitely determine whether the reflections from the fcc phase result from the occurrence of this phase in the coating structure owing to the soaking, or originate from the substrate due to possible uneven covering of the substrate with the coating. Considering the fact that the examinations were made on the same sample, the case of discontinuous covering of the substrate should rather be excluded, as no reflections from the fcc phase of a similar intensity level were noted on the diffraction pattern for the as-deposited coating. 
Measurements in the asymmetric GXRD geometry
In the diffraction patterns for the coating, as made by the GXRD method (Fig. 4a) , reflections occurred starting from the angle of radiation incidence to the surface of α = 9°, whose relative position was similar as for austenite in the steel, but their angular positions were shifted towards larger angles. Calculation showed that at the radiation incidence angle of α = 9°(and assuming G = 0 95) the X-ray radiation of the wavelength of 0.17902 nm penetrated into the coating to a depth comparable with the coating thickness. Similar measurements were made in situ at temperatures of 150°C and 270°C. It was found that the additional reflections had not changed their position at elevated temperatures, but a slight increase in their intensity was observed. It was also found that the bcc 110 reflections became separated, as a result of which several maxima could be distinguished within the reflections. Cooling the coating down to ambient temperature caused the local maxima to disappear, even if the soaking was carried out at 400°C.
For the coating soaked at 400°C and then cooled down to ambient temperature, a similar arrangement of additional reflections as for the as-deposited coating was obtained. The series of measurements for the coating soaked at 400°C, as made in the grazing incidence X-ray diffraction geometry in the incidence angle range from 1 to 21°, are shown in Fig. 5a . It was found that in the range of radiation incidence angles below approx. 6°, when the outermost coating zone was covered by measurement, the additional reflection occurred on the right-hand side of the reflection 110 from the bcc phase. As the incidence angle increased, the reflection shifted towards the larger angles and its intensity gradually decreased. At the incidence angle of 5.4°, another additional reflection started emerging from the background on the left-hand side of the reflection bcc 110 . Both additional reflections co-occurred up to an incidence angle of 6°, yielding, as a result, a diffraction image typical of multilayer systems [8] . Within this small incidence angle range, which spanned only 0.6°, both additional reflections replaced with each other, whereby at larger incidence angles, when the measurement covered deeper coating zones, the reflection on the left-hand side of the reflection bcc 110 was only recorded. Diffraction patterns from the additional reflections swapping range are represented in Fig. 5b . The intensity of the additional left-hand reflection increased with increasing incidence angle, and starting from the angle α = 13°it dramatically decreased until an almost complete disappearance of the reflection at an angle of α = 17°. With further increasing the angle of incidence, and thus approaching the conditions of symmetric diffraction, the intensity of the left-hand reflection increased again. The both additional reflections occurring simultaneously in the diffraction pattern were regarded as the satellite peaks S −1 and S +1 recorded in the measurements of layered structures. The positions of the satellite peaks from the diffraction pattern obtained at the radiation incidence angle equal to 5.8°were substituted to Equation (1) used for the thickness calculation of the multilayer period.
where: -reflection number: = 1, = −1 for satellite peaks, or = 0 for the main peak; Λ -period thickness, nm; λ -X-radiation wavelength, nm.
The structure local period associated with the both reflections was calculated to be 5.9 nm.
Measurements with the rotation of the sample by angles ψ
In the subsequent part of the investigation, measurements with the rotation of the sample were performed according to the schematic shown in Fig. 2b . The measurements were made in the symmetric θ − θ geometry (Fig. 6 ) and with grazing radiation incidence. Based on the results presented in Fig. 5 , three radiation incidence angles: 2°, 5.7°and 8°were chosen for measurements (Fig. 7) . It was found that in the θ − θ measurements the phenomenon of swapping of the two additional reflections occurring on the right-hand and left-hand sides of the reflection bcc 110 had taken place, similarly as in the GXRD measurements in Fig. 5 . The swap of the reflections occurred when the sample was rotated by a ψ angle of approx. 60°.
In the case of the measurements with the GXRD geometry combined with sample rotation, the relationship resulting from Fig. 5 was confirmed -with angles of radiation incidence onto the coating surface smaller than 6°, an additional reflection was recorded on the right-hand side of the reflection bcc 110 , whereas with larger radiation incidence angles an additional reflection was recorded on the left-hand side of the main reflection. The additional reflections had the highest intensity at small ψ angles (the measurement in the direction perpendicular to the coating surface); for large ψ angles (the measurement in directions nearly parallel to the coating surface), on the other hand, they decreased and became wider, as did the main reflection. As the ψ angle increased, the left-hand side reflection shifted towards smaller angles, while the right-hand side reflection -towards larger angles. The structure periods corresponding to the additional reflections from Fig. 7c , as calculated from Equation (1), change progressively from 6 nm for the measurement at ψ = 0°t o 4.4 nm at ψ = 80°.
Conclusions
The diffractometric examination carried out have shown that coatings produced by magnetron sputtering may have a unique, subtle structure. The columnar increase of crystallites causes the structure to exhibit an axial texture and have additionally an arrangement of inter-columnar boundaries perpendicular to the substrate. In the situation where the columns are built of finer sub-columns, the structure becomes even more complex. Diffractometric examinations, using different measurement geometries, are very useful for studying this type of structure systems.
The investigation has demonstrated that the increase of coating temperature results in changes in the coating structure, which manifest themselves in local maxima on the profile of the main reflection from the coating, and which disappear after the coating has been cooled down to ambient temperature. This means that the coating structure is metastable and undergoes changes in the temperature range of up to 400°C, whose effects could be contained within the range of elastic lattice interactions or/and diffusion caused by stresses [33] . As has been demonstrated in works [34] on the example of a coating with similar chemical composition, the long-lasting effects of the changes, in the form of transition of the phase bcc into the phase fcc, occur above the temperature of 500°C. It has been found that in the outermost coating zones, areas occur in the coating structure, which have the lattice parameter smaller compared to the basic phase, while in zones closer to the substrate -this parameter is larger. At radiation incidence angles, where the radiation covers the transitory zone, a diffraction image typical of layered structures is obtained as a consequence. The next explanation is the structure of magnetron sputtered coating -columns with own substructure (Fig. 2 in [31] ), what caused as a result the multilayered grating system [35] .
